ERS-1/2 wind scatterometers (WSC) data sets may contain cells in which two, instead of three, measurements are available. These data sets are called incomplete. Operational inversion procedures discard such data sets and therefore no wind field is estimated. This is very limiting in semi-closed seas such as the Mediterranean Sea. In this paper we propose a new inversion procedure capable to retrieving near surface wind fields from incomplete data sets. This procedure is an enhancement of an algorithm already proposed and tested by the authors. A set of comprehensive experiments are presented and discussed. It is shown that the inversion procedure gets to remarkable results even in presence of a large number of doublets.
Introduction
Near surface sea wind field knowledge is fundamental. For instance, it is a key element to force circulation models [1] , to track tropical cyclones [2] and to detect oil spills [3] . In general, accurate wind field knowledge facilitates routine climatological/meteorological forecasting, supports departments of environmental protection to best deal with lifethreatening weather situations and accidents due to human activities.
Nowdays it is well established that high quality wind field measurements can be obtained by means of remotely sensed data. Although, some very recent innovative techniques, based on polarimetric radiometers [4] and SAR measurements [5] , have been proposed to estimate the near surface wind field, the fundamental technique relies on scatterometer measurements. In fact, at present time, physical and technological aspects suggest that wind field estimated by means of scatterometer measurements are much more reliable [6] . In addition, scatterometers allow a global coverage.
In this paper, an enhancement of the new inversion procedure described in [7] , [8] , in order to take into account incomplete data sets, is presented. The ERS-1/2 C-band fanbeam VV-polarized scatterometers, also simply known as wind scatterometers (WSC), share the active measurement instrument (AMI) unit with the Synthetic Aperture Radar † † The author is with the Consiglio Nazionale delle Ricerche, IREA, Via Diocleziano 328, 80124 Napoli, Italy.
a) E-mail: maurizio.migliaccio@uniparthenope.it DOI: 10.1093/ietcom/e88-b. 9 .3742 (SAR) [9] . The switching from the SAR to the scatterometer makes that in some scatterometer cells the number of available measurements degrade from three (triplets) to two (doublets) [9] , [10] . This fact is of particular relevance in the Mediterranean Sea, an almost closed sea in which large islands are present, and operating mode makes the active measurement unit switch from the SAR to the scatterometer when lands are left or reached [9] , [10] . Since the presence of doublets is very unlikely over the oceans, space agencies inversion procedures do not consider such incomplete data sets and therefore no wind field estimation is provided [11] . Further, wind field retrieval from incomplete data sets is meant to be of low quality. All this has suggested to enhance the new scatterometer pointwise inversion procedure developed by the authors to embody such a feature.
In summary, the new inversion procedure presented and tested in this paper is able to deal with incomplete data sets * , i.e. scatterometer data sets in which doublets are present. Such data sets are not processed by the inversion procedures currently used by the European Space Agency (ESA) and national space agencies, e.g. [11] . With respect to the Italian Space Agency (ASI) Processing and Archiving Facility (I-PAF) inversion procedure, it must be noted that the reference procedure [10] is also able to deal with incomplete data sets but the ambiguity removal step is less effective [7] . Actual implementation of [10] at ASI I-PAF is a version which considers only scatterometer data sets without doublets. In practice, there is no operational inversion procedure which consider incomplete data sets.
On a scientific viewpoint, it must be noted that in literature only [10] addresses the problem of retrieving the wind field from incomplete scatterometer data sets. However in [10] only few experiments, based on simulated data, are presented. In this paper a systematic, severe study of the inversion procedure, which includes simulated and real data, is accomplished.
In conclusion, in this paper, the new inversion procedure, enhanced to process incomplete data sets, is detailed and tested. A set of experiments based on simulated data and real data are presented and discussed. They show that it is possible to retrieve the wind field with remarkable ac-curacy even when a large number of doublets are present in the scatterometer data set.
The Inversion Procedure
In this section it is presented the new inversion procedure that has been developed and used in this study. It is an enhancement of the pointwise inversion procedure already proposed by the authors [7] , [8] which is here tailored to process incomplete data sets.
Say S the scatterometer data set to be processed, making reference to the ERS-1/2 scatterometer, the full set of measurements in a single cell is 3: a triplet. The subset of S in which three (two) normalized radar cross section measurements σ o are available is referred as T (D). Sets in which S = T ∪ D wherein D are here considered. The doublet data subset D can be due to AMI unit sharing and occasional failures. The first case is very relevant in the Mediterranean Sea for the ERS-1/2 missions where the SAR shares the AMI unit with the WSC and therefore is alternatively operated. Transition from the SAR mode to the scatterometer mode causes doublets [9] , [10] . Although, occasional failures have to be considered unlikely, they are considered here to make very severe tests of the new inversion procedure, see Sect. 3.
The scatterometer data set S is composed by a number of cells identified by the indexes i j. In each cell is defined an objective function f i j that determines the residual between the measurements and the geophysical model function (GMF) M(·), i.e. the semi-empirical (high quality) relationship between the scatterometer measurements σ o and the near surface wind field (U,ϕ). The GMF is a non-linear function of the wind field [12] , [13] . For the WSC scatterometer, the natural mathematical ambient is the Hilbert L 2 space and the CMOD4 GMF. In [8] it has been shown that the most suitable choice is the following †
where N is the number of measurements, i.e. 2 or 3 in case of doublet or triplet, respectively. M k (·) is the GMF tuned to the k-th antenna, σ o i jk is the k-th scatterometer measurement in the i j-th cell. U i j , ϕ i j are the wind speed and direction in the i j-th cell and represent the free parameters in the minimization process.
The non-linear inversion procedure is composed by four steps. The first three steps determine all possible solutions (ambiguities) in each cell of the scatterometer data set S. The last step sorts the correct solution among the possible ones (ambiguity removal).
On the mathematical point of view the inverse problem is characterized by the fact that M k (·) has a multivalued inverse [13] , [14] and the number of ambiguities is a property inherent to the GMF, the true wind field, the measurement geometry and the noise [13] , [14] . It is fundamental that the noisy ambiguities converge to the true ones [14] , i.e. wind field estimation is identifiable [14] . The selection of the unique wind field estimate is achieved by the ambiguity removal step which relies on information not present in the σ o measurements [14] . In this procedure flow continuity is considered.
In particular, at step one, a local minimization routine applied over all the cells belonging to T is performed. A local minimization routine is computer time effective but calls for an initialization [15] . In our inversion procedure as local minimization routine it is used the AMOEBA routine [15] which is initialized by a wind field whose Cartesian components u, v are equal to 1 m/s.
At step two, the "uniform" wind speed U m over S [7] , [8] is estimated. Three sub steps are accomplished: first, a statistical analysis of the local minima obtained as outcome of step one is made. Such a statistical analysis determines a first estimate of the wind speed mode and wind speed maximum and their ratio r < 1. The second sub step performs a global minimization in a single cell. Global minimization is made by means of the SIGMA routine † † [16] . The selected cell is the one in which we have the maximum wind speed.
The outcome of such a global minimization is a wind field, say (U ,ϕ ). At sub step three, the estimate of U m is obtained scaling down U by the factor r.
At step three, in each cell of S multiple local minimizations are made. Indeed, in each cell, 72 local minimizations are performed. These latter minimizations correspond to local minimization in which the wind field used as initialization is equal to (U m ,n∆φ) with ∆φ=5
• and n spanning from 0 to 71 with unitary increment. Therefore, in each cell, at least in principle, we have 72 wind field solutions. These latter outcomes are grouped and ranked [7] , [8] . Ranking corresponds to establish for each wind field over S its likelihood to the GMF [8] . In this sense, rank1 solution is the most reliable. Because of measurement and model noise it is not possible to assess that rank1 solution is the closest to the true wind field. In order to solve the solution sorting problem a proper task must be accomplished: the ambiguity removal step. Before proceeding further, it is useful to note that as outcome, after step 3, in each cell a set of possible wind field solutions † † † is available. At step four, the ambiguity removal step is accomplished. It is based on the vectorial median ambiguity removal procedure [7] , [8] , [18] : an iterative algorithm. Physically the M × M median filter is employed to guarantee flow continuity among each selected ambiguity and its neighbors [18] . Note that in [7] , [8] at this step as first guess wind † For a full discussion on the choice of the objective function the reader is referred to [8] and references therein.
† † Note that a global minimization routine is less effective in terms of computer time and does not need an initialization value. This may suggest that an inversion procedure based only on the use of a global minimization routine over the whole scatterometer data set is more reliable. This is actually untrue as shown in [17] .
† † † In this inversion procedure the number of the ambiguos solutions is not set apriori as in [10] but is free and depends on the actual case [12] , [14] . field over S is considered the rank1 solution. Although this is favorable, since does not require auxiliary data, in the case of incomplete data sets, this is questionable if high accuracy wind field estimation over S must be ensured, see Sect. 3. Therefore, in order to ensure a reliable wind field reconstruction, when the number of doublets is high, as first guess it must be considered the wind field provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) analysis. In mathematical terms this means that a constrained inversion procedure is considered.
A block scheme of the inversion procedure is shown in Fig. 1 .
In summary, the enhanced inversion procedure, capable to process incomplete data sets, is characterized by two new software modules with respect to the inversion procedure illustrated in [7] , [8] and the adjustment of the objective function. Software modules correspond to steps one and four of the inversion procedure.
Numerical Experiments: Presentation and Discussion
In this section we present and discuss a set of numerical experiments. They are based on simulated normalized radar cross section measurements and real WSC measurements acquired over the Mediterranean Sea. Simulated measurements allows establishing the quality of the inversion procedure and therefore these tests are meant as preliminary to real measurements application. Let us first consider the experiments based on simulated measurements. The wind field test is based on the 19 × 19 cells data set shown in Fig. 2 . It is a wind field characterized by a mean wind speed equal to 7.2 m/s and a standard deviation equal to 4.5 m/s, i.e. a quite complex wind field. The corresponding simulated normalized radar cross sections have been generated by means of the CMOD4 GMF and a 5% gaussian noise [12] , [13] . A simple simulation procedure is used which does not consider correlation among cells [7] , [8] which is the actual case. In fact, WSC scatterometer cells overlaps and therefore are intrinsically correlated [12] , [13] . Cell independency makes the inversion procedure more challenging. For reader completeness we note that a simulation procedure which includes correlation among cells have been recently proposed [19] .
Two kind of doublets are simulated: in the first case it is assumed that the doublets are due to a failure of one of the three WSC antenna, in the second case to land to sea (sea to land) AMI switching. Although the first case is unlikely it is an extreme test case and it is used as reference.
Let us present the first set of results relevant to simulated measurements. In this case the doublets are obtained by randomly selecting the cells and the non measuring antenna among the three ones † . Therefore in these first tests the cells belonging to D are randomly selected as well as the "blind" antenna (among the three). The number of doublets respect to the triplets is measured by the percentage number and listed in the first column of Table 1 . In Table 1 various cases are reported with increasing number of doublets. In the U% and φ% columns the percentage of wind speed and wind direction reconstructions are listed. Results are averaged results over five independent set of scatterometer measurements. Success percentage is defined according ESA standard † † [10] . In all these cases the first guess of the ambiguity removal is the rank1, see Sect. 2. We note † The three WSC antennas are known as fore, mid and aft [9] .
† † A reconstrution is considered successful if the wind speed is determined with a ∓2 m/s error and wind direction with a ∓20
• error. however that two different median window are considered as specified in Table 1 . Some important comments are due. Results show that the inversion procedure is capable to retrieve the wind field even in such cases with a non-negligible accuracy. Obviously, increasing the number of doublets results become poorer. Then, we note that results are not a simple monotonic function with respect to the number of doublets. This is particularly true when the number of doublets is very large, see the 30% and 40% cases in Table 1 . We also have that wind fields retrieval accomplished by means of a 5 × 5 median filter window show better results of few percents. This is due to the complexity of the original wind field and therefore on its heterogeneity which is smoothed by a larger median window. This suggests that in general the tuning of the window size should meet the complexity of the wind field to be retrieved. Actually an "optimal" window size is set where optimal is meant in mean sense [18] .
It is now interesting to consider the same cases but when the first guess of the ambiguity removal is the true wind field. Obviously, such a first guess is very favorable, in real cases only an auxiliary (not exact) wind field knowledge is available [1] , [13] . On this viewpoint the corresponding results represent the best achievable ones. Results are listed in Table 2 . We note that when a 7 × 7 window is considered no remarkable improvement is achieved. Conversely, when the 5 × 5 window is applied a mean overall enhancement of about 4% is experienced.
For reader completeness in Fig. 3 the absolute retrieval results are also expressed in terms of mean reconstruction (bias) errors and root mean square (rms) errors. It is shown that the inversion procedure does not introduce significant mean errors and this is very important while rms errors may be of some relevance. In particular, the mean errors are generally within 1 m/s and for cases relevant to the 5×5 window case they are at worst 0.7 m/s. Let us now consider the rms errors. In the best case, see Fig. 3 (d), these latter errors are always within 2.5 m/s, while in the worst case, see Fig. 3(a) , rms component errors are within 3.6 m/s. These results are remarkable since very severe test cases are considered. In conclusion of these first results we can say that it is possible to take into control wind field retrieval errors when incomplete data sets are processed.
The second set of experiments, based on simulated measurements, regards incomplete data sets in which the doublets are due to land to sea (sea to land) AMI switching [9] , [10] .
Results are presented in Tables 3 and 4 and Fig. 4 . As expected, these latter results are generally better than the ones shown previously in Tables 1 and 2 . This is particularly true when the number of doublets increases. The best inversion results are obtained using the 5 × 5 median filter regardless of the wind field first guess choice in the ambiguity removal. Obviously, when true wind is considered better results are achieved, see Table 4 . In all these cases the absolute bias error is still within 1 m/s, see Fig. 4 . The rms errors, for the best cases relevant to the 5 × 5 window size (Fig. 4(d) ), are within 2.5 m/s, while in the worst case, see Fig. 4(a) , rms component errors are within 3.5 m/s.
A comparison with conventional inversion procedure [7] , [8] is now due. In Table 5 , the results relevant to the conventional inversion procedure applied over incomplete data sets, when the true wind field and the 5 × 5 window median are used in the ambiguity removal step, are shown. Wind speed and wind direction reconstruction results are now very poor. Comparison with corresponding inversions in Table 4 , shows that the advantage of the new inversion procedure can be estimated of the order of about 20%. Similar comparative Tables 3 and 4. results have been found in all other cases (data not shown to save space).
In conclusions of these simulated based results we can say that it is possible to reconstruct wind fields with a remarkable accuracy even when incomplete data sets are in question. Use of conventional inversion procedure get to † are shown. Grey dots indicated the cells in which only an incomplete data set were at disposal. All these cases are relevant to the ERS-1 WSC scatterometer and Mediterranean Sea. In Fig. 5(a) , it is shown the result of the inversion relevant to data set acquired on September 23, 1992 (data frame 23741). In this case, the number of doublets is much greater. In Fig. 5(b) it is shown the result of the inversion relevant to data set acquired on September 22, 1992 (data frame 22539). In Fig. 5(c) the case relevant to the data set acquired on December 3, 1992 (Data frame 3719) is shown. Again the number of doublets is very large.
As rough [1] but useful analysis of these results we can only show the corresponding European Center for Mediumrange Weather Forecast wind field (ECMWF) analysis, see Figs. 6(a), (b) and (c). We have that such a comparison support the quality of the inversion procedure although remarks that ECMWF analysis is not able to retain fine wind field structure [1] .
Conclusion
WSC data sets may be incomplete, i.e. made by cell with triplets and doublets. Operational inversion procedures discard these data sets since very unlikely over oceans and even because wind field retrieval is supposed to be particularly degraded. In this paper, it has been presented an enhancement of a new inversion procedure to process WSC incomplete data sets. For the first time a systematic and severe test analysis have been accomplished to evaluate the capability to retrieve the wind field. A large number of tests, based on simulated and real scatterometer measurements, have shown that it is possible to achieve remarkable results even when the number of doublets is large. Comparison with convention inversion procedure shows an overall accuracy enhancement of about 20%. Fondamentale "Telerilevamento del mare mediante scatterometro: modelli elettromagnetici, inversione dei dati ed applicazione a modelli di circolazione" -I/R/200/02 contract.
